A mathematical formulation to obtain the non-dimensionalized added virtual mass incremental factor for uniform circular plate in contact with fluid is presented. Based on Rayleigh's quotient, the natural frequencies can be evaluated using the added virtual mass incremental factors. A suitable approximation is used to describe the effect of nondimensionalized added virtual mass incremental factors in the vibration analysis of circular plates. The numerical results obtained from the present formulation are compared with the known results reported in the literature and a good agreement was found. The maximum error percentage has been predicted from the present formulation is 0.005%.
Introduction
Numerical analysis of fluid structure interaction problems have wide range of applications in engineering field. The interaction problems can be considered in the signalling problem of submarines, vibration analysis of ship structures, dams, nuclear reactors and so on. The prediction of natural frequency changes is significant for designing structures in contact with fluid because the natural frequencies in fluid are different from those in air. The numerical approaches such as finite element method as well as boundary element method can handle complex boundary conditions of structures and fluids.
Circular plates in contact with fluid have recently been studied. The vibration analysis of circular plates in contact with fluid has been investigated by Kwak [1] . Based on Fourier -Bessel series approach, the non-dimensionalized added virtual mass factor is evaluated using integral transformation technique. It is also studied the influence of fluid on the natural frequencies in this work. Jeong [2] studied the hydroelastic vibration of two identical circular plates coupled with a bounded fluid. An analytical method based on Fourier -Bessel series approach and Rayleigh Ritz method is used in this work. By using Navier -Stoke's equations, finite element analysis of fluid flows coupled with structural interactions has been described in [3] . Large displacement fluid structure interaction problems has been solved by Heil [4] using Newton's method. It is also reported the importance of consistent stabilisation in the numerical simulation of fluid structure interaction problems. Kwak and Kim [5] investigated the axisymmetric vibration of circular plates in contact with fluid. The research is performed to study the effects of fluid on the natural frequencies by evaluating the added virtual mass incremental factor using integral equation method. The natural frequencies of circular plates are evaluated by using added virtual mass incremental factor. Amabili and Kwak [6] considered the free vibration analysis of circular plates in contact with liquids by revising the Lamb problem. The natural frequencies of the circular plate are calculated for both simply supported and clamped boundary conditions. Based on perturbation technique and the Henkel transformation method, the effect of surface waves on free vibrations of circular plates resting on a fluid surface has been presented in [7] .
The frequency and mode shape parameters for plates in vacuo are evaluated in this study. Moreover, the frequency parameters for circular plates having free edge, simply supported and clamped boundary conditions are solved by using characteristic equations. The fluid structure interaction problem with vibration of circular plates for varying thickness has been analysed by Liu and Chang [8] . Based on non-linear properties of structures, the fluid structure interaction problem has been solved in [9] . A combined finite element/ boundary element method for fluid structure interaction problems has been presented by Opstal et.al. [10] . The numerical analysis procedures are based on numerous mathematical computations and are highly time consuming. This makes the designers to search for alternative solution procedures with less mathematical complexity and computational efforts. In the present study, the vibration analysis of circular plates in contact with fluid is studied by using suitable approximations and the added virtual mass incremental factors for uniform thickness circular plate are evaluated. The use of numerical formulation can minimise the amount of time spent using experimental techniques to find many design alternatives. It will help in solving large industrial and mechanical problems.
Mathematical formulation
Consider a circular plate in contact with fluid of radius 'a' and thickness 'h'. Let 'F' denotes the fluid domain, 'Sa' denotes the surface between the fluid and rigid wall, 'Sb' denotes the surface between the fluid and the plate, and 'S' denotes the surface at infinity respectively. 
where  is the frequency in radians per second. The expression (8) is adapted from [14] .
Based on the assumption that the dynamic loading of fluid has an insignificant effect on mode shapes, the following equation can be obtained from eqn (7) . 
Here,  is called the added virtual mass incremental factor (AVMI factor) can be defined as the ratio of the kinetic energy of the plate due to the motion of the plate over the kinetic energy of the circular plate itself.
Therefore, β can be written as Suppose that the variable thickness is of the form
where h0 is the thickness of the center of the plate and  is the taper parameter of the varying curve.
Besides, suppose that
Therefore, the NAVMI factor can be evaluated from eqn (10) by calculating * l T and * p T and l f can be evaluated from eqn (9) . By using the NAVMI factor, the natural frequencies can be evaluated. 
Numerical results and discussions
The present study investigates the NAVMI factor of uniform thickness circular plate in contact with fluid. The equations are solved by using a suitable admissible function with boundary conditions. The following admissible function is considered in the present study. Table1: Non-dimensionalized added virtual mass incremental factor for uniform circular plate in contact with fluid.  denotes the values from the known literature [8] .
From Table 1 , it can be shown that the values of the NAVMI factor decreases with respect to order of the mode numbers. It is clear that the presence of fluid effects the values of NAVMI factor. Moreover, the existence of fluid has a significant impact on the mode of the circular plate. Also, it can be noted that the values of the NAVMI factor in the first mode has higher values compared to the other modes. Hence it can be say from the tables that the results from the present investigation are in good agreement with those obtained from known literature.
Conclusion
A numerical study has been carried out to obtain the non-dimensionalized added virtual mass incremental factor (NAVMI factor). A suitable approximation with the help of an admissible function is used in the present study to analyse the influence of fluid on the circular plate. The numerical values of NAVMI factor is evaluated for various mode numbers and are compared with the known results. 
